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The small-scale crisis is one of the most outstanding puzzles in modern cosmology and astro-
physics. It may imply a suppression of matter perturbation at small scale. In this work, by taking
into account of the gravitational effects from the non-equilibrium production of DM, we propose a
new mechanism, which can realize such desired suppression and alleviate the crisis within the frame-
work of cold dark matter (DM) and simple inflation. Moreover, in this new mechanism, we establish
a novel relation between the particle mass of DM, mχ, and the critical scale of suppression, k
−1
? . As
k−1? will be further constrained in future astrophysical observations, mχ can be constrained accord-
ingly with this relation. It thus provides a new method in complementary to other existing strategies
of determining mχ. Furthermore, to illustrate our theoretical prediction, we consider a suppression
at k−1? = 1 kpc that can partially alleviate the small-scale crisis, and obtain mχ = 2.2 MeV for
realizing such suppression. Then we plot the power spectrum of linear matter perturbation for this
case, and illustrate a salient feature of the suppression that can serves a smoking-gun signature of
this new mechanism in future observations.
PACS numbers: 04.30.-w, 04.30.Db, 04.62.+v, 95.35.+d, 95.30.Sf, 95.85.Sz
INTRODUCTION
The small-scale crisis, which describes the discrep-
ancies on the sub-galactic scale structure formation
amongst the observations, theoretical predictions and N-
body simulations, is one of the most outstanding puz-
zles in modern cosmology and astrophysics [1]. Since
these discrepancies, which include the missing-satellite
problem, the cusp-vs-core problem and the too-big-to-fail
problem [2–5], seem hard to be reconciled with the two
basic assumptions: 1) dark matter (DM) is cold and 2)
the inflation is simple, they are, collectively, highlighted
as a crisis. Perhaps, such crisis will be alleviated with
further elucidation of baryonic physics and relevant as-
trophysical observations (for example, see [6–9]). Besides
it, in this work, we propose a new mechanism, which can
realize a suppression of matter perturbation to alleviate
this crisis within the framework of simple inflation and
cold DM.
Specifically, we take into account of the resonant grav-
itational effects from the non-equilibrium production of
cold DM, and demonstrate that it can lead to a desired
suppression of matter perturbation. As illustrated in
FIG.1, in the early Universe, each pair production of DM
particles can imprint a small local fluctuation, ∆Φi, in
the trace of metric. As demonstrated in Refs.[10] and
[11], during DM production, such fluctuations can ac-
cumulate to drive a resonance between the DM density
perturbation and the scalar modes of metric perturba-
tion, which can amplify both of them. Specifically, only
the long wavelength modes of metric and density per-
turbations get full amplification. For the short wave-
length modes, they however get less amplification since
they were re-entering horizon before the end of DM pro-
duction. Such difference in amplifications thus leads to a
relative suppression of the linear metric and matter per-
turbations at small scales [45], and can, in part, alleviate
the small-scale crisis.
FIG. 1. A schematic plot for a pair production of DM particles
χ via the pair annihilation of scalar particles, φ. In curved
and nonrigid spacetime, a small local fluctuation of spacetime,
∆Φi, can be generated (c.f. FIG.1.b in [10]) in each pair
production of DM particles.
Notably, this new proposal is alternative to other well-
known suppression mechanisms, such as the primordial
suppression and the late-time suppression. In the for-
mer [12–14], a non-simple inflation, which can break
the scale-invariance of primordial curvature perturbation
spectrum, is employed to realize the suppression of the
matter perturbation at small scale. And the suppression
takes place during the inflation. In the latter [15–24],
they take non-cold (warm or new exotic interacting) DM
candidates to realize the suppression, and the suppression
happens only after the horizon re-entering. What notable
for our new mechanism is that, the suppression can be
realized with simple inflation and cold DM. Moreover,
such suppression takes place in a unique epoch, from the
end of inflation to the horizon re-entering. To avoid con-
fusion, we call it “early-time suppression” mechanism.
In this work, after briefly reviewing the non-
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equilibrium production of non-thermal DM, we elabo-
rate the early-time suppression mechanism, and compute
the critical scale of the suppression of matter perturba-
tion, k−1? . We then obtain a novel relation between k
−1
?
and the particle mass of DM, mχ, which can be used
to constrain mχ with the future observations on k
−1
? .
It thus provides a new method to determine mχ with
the astrophysical observation. Furthermore, to illustrate
our theoretical prediction, we consider a suppression at
k−1? = 1 kpc that can partially alleviate the small-scale
crisis, and by using the newly obtained relation, we ob-
tain mχ = 2.2 MeV for realizing such suppression. Then
we plot the power spectrum of primordial linear matter
perturbation for this case to illustrate a salient feature
of the early-time suppression mechanism, the smaller the
scale is, the stronger the suppression is. As the location
and shape of small scale suppression of matter perturba-
tion will be precisely measured in future astrophysical ob-
servations (and for recent developments of observational
constraints on the matter perturbation spectrum see [25–
29], and references there in), such feature can serve as a
smoking-gun signature for testifying our early-time sup-
pression mechanism.
NON-EQUILIBRIUM PRODUCTION OF DM
AND ITS GRAVITATIONAL EFFECTS
Following Ref.[10], we consider a simple realization of
the non-thermal DM scenario [30–35]. In which, DM
particles, χ, are produced by the pair annihilations of
the light scalar particles, φ, with the minimal coupling,
L = λφ2χ2. Due to its small cross-section, even af-
ter cosmic reheating, the production of non-thermal DM
particles will last for a long time until it freezing out.
And during this process of non-thermal DM production,
its abundance is always out of the thermal equilibrium,
Yχ  Y eqχ , where Yχ ≡ nχT−3 and nχ are, respectively,
the abundance and number density of DM particles, and
the superscript eq denotes the thermal equilibrium. What
notable is that, during such non-equilibrium production
of non-thermal DM, the fluctuation of DM density will
not be suppressed or washed out by the envelopment of
thermal equilibrium. We therefore can study the non-
trivial evolution of DM density perturbation during this
phase and investigate its gravitational effects, which may
be probed in astrophysical observations.
More specifically, during the non-equilibrium produc-
tion of non-thermal DM, the small local fluctuations
of spacetime, ∆Φi (as shown in FIG.1), will accumu-
late to drive a resonance between DM density pertur-
bation and scalar modes of metric perturbation [10].
And such resonance can amplify the super-horizon scalar
modes of metric perturbation with the added value,
∆Φ =
∑
i ∆Φi+∆Φb, where ∆Φb is contributed from the
back-reaction of DM density perturbation. By following
Ref. [10], we can obtain the evolution of the super-horizon
scalar modes of metric perturbation, Φ(y) = Φϕ + ∆Φ,
during DM production and after freezing-out(c.f. Eq.(8)
in [10]),
Φ(y) =
{
ΦϕG (−y/ξ) , yRf ≤ y ≤ yf
ΦϕG (−yf/ξ) [1 +A(1− (yf/y) 52 )], y > yf ,
(1)
where y ≡ mχ/T with T being the background tempera-
ture, G(x) ≡ 2F1
(
3−√17
4 ,
3+
√
17
4 ;
7
2 ;x
)
is Gauss hyperge-
ometric function, and the coefficient A ' 0.11. To obtain
Eq.(1), the perturbed FLRW metric in conformal Newto-
nian gauge, gµν = {−1−2Ψ(~x, t), a2(t)δij [1 + 2Φ(~x, t)]},
is adopted and Φ(y) denotes the super-horizon Fourier
modes of Φ(~x, t). Φϕ is the primordial value of Φ(y) at
the end of reheating. yRf and yf label, respectively, the
beginning and the end of the post-reheating DM pro-
duction. ξ is a dimensionless parameter introduced by
Ref.[10] to characterize how Universe is reheated, and its
parameter region takes yRf  ξ ≤ 1. Specifically, for a
given value of mχ, a smaller ξ implies a shorter duration
of reheating (see Ref.[10] for more details). In this work,
we can simply take it as a constant free parameter.
In FIG.2, we use Eq.(1) to plot Φ(y) for the typical
cases ξ = (10−2, 10−4, 10−6) with yRf = 10
−7. This
plot shows that, Φ(y) is amplified during DM produc-
tion, the amplification is frozen at the end of DM pro-
duction (y = yf = 5 [46]), and a smaller ξ leads to a
larger amplification[47]. In this work, we primarily focus
on the difference in the amplifications of the long and
the short wavelength modes. For the long wavelength
modes, they are out of horizon during the whole process
of DM production, and get full amplification. However,
for the short wavelength modes, they were out of horizon
initially, but after a short while, they are re-entering the
horizon before the end of DM production, so that they
are getting less amplification. Such difference in ampli-
fications thus results in a relative suppression of Φ(y) at
small scales.
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FIG. 2. The evolution of Φ(y) during and after DM produc-
tion.
A NOVEL RELATION BETWEEN mχ AND k
−1
?
In order to determine the spatial scale of the suppres-
sion of Φ(y), we can translate Φ(y) into Φ[y(k)] by using
the horizon-crossing condition,
kη(k) = 1 , (2)
where η(k) denotes the conformal time of horizon re-
entering for the perturbation mode with wave-vector k.
During this radiation-dominated era, we have η(k) =
c∗y(k)m−1χ , where the coefficient c∗ = 6.88× 1031 is con-
strained by the current observations [48]. By substituting
the expression of η(k) into Eq.(2), we obtain
y(k) =
mχ
c∗k
. (3)
Then, by substituting Eq.(3) into Eq.(1), we can obtain
the expression of Φ[y(k)]. In FIG.3, we take ξ = 10−4
to plot Φ[y(k)] with mχ = {1keV, 1MeV, 1GeV} [49],
where Φ[y(k)] is normalized by its amplitude at large
scale, ΦLS ≡ Φ[y(k = 10−3Mpc−1)].
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FIG. 3. Φ[y(k)] for mχ = {1keV, 1MeV, 1GeV}.
As shown in FIG.3, given the value of ξ, the amplifi-
cations are the same for all large scales. Therefore, the
scale-invariance of curvature perturbation spectrum can
be preserved by such amplification. However, at small
scale, the production of DM can result in a relative sup-
pression of Φ[y(k)]. And we can notice that the larger
the mχ is, the smaller the critical scale of suppression
is. In particular, for mχ = 1 MeV, the suppression of
Φ[y(k)] takes place below the kpc scale [50].
Analytically, to determine the critical scale of suppres-
sion, k−1? , we can simply substitute y|k=k? = yf into
Eq.(3), and obtain
k−1? = cyfm
−1
χ , (4)
which indicates that, while the magnitude of the suppres-
sion is determined by the parameter ξ, the location of the
suppression is solely determined by mχ. As k
−1
? will be
further constrained in the future astrophysical observa-
tions, the early-time suppression can be testified and mχ
can be determined accordingly.
LINEAR MATTER PERTURBATION
SPECTRUM
In this section, we are plotting the power spectrum of
primordial linear matter perturbation for the early-time
suppression. For illustration, we take a suppression at
k−1? = 1 kpc, which can partially alleviate the small-
scale crisis. By substituting k−1? = 1 kpc and yf = 5 into
Eq.(4), we obtain
mχ = yfc∗k? = 2.2 MeV, (5)
with a free-streaming length, l = 112(mχ/eV)
−1 Mpc =
0.05 kpc [36]. Since its free-streaming length is
much smaller than the critical scale of suppression,
k−1? = 1 kpc, we can confirm that, in light of the
small-scale crisis, such DM candidate is cold. And such
suppression is resulting from the non-equilibrium produc-
tion of cold non-thermal DM rather than the smoothing
mechanism of warm or exotic DM candidates. In FIG.4,
we adopt the BBKS transfer function for cold DM (c.f.
Eq.(7.70) in [37]), T (x ≡ k/Ωmh2Mpc−1) = ln(1+2.34x)2.34x ×[
1 + 3.89x+ (16.2x)2 + (5.74x)3 + (6.71x)4
]−0.25
, to
plot the power spectrum of primordial linear matter
perturbation, P(k) = CknsT 2(x)(PΦ[y(k)]/PΦLS ), where
C = 2.69×105Mpc3+ns [51], ns = 0.96, and Ωmh2 = 0.15
[38, 39].
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FIG. 4. The power spectrum of primordial linear matter
perturbation are plotted for 1) the standard approach with-
out considering the gravitational effects from DM production
(solid line), and 2) the early-time suppression mechanism pro-
posed in this work (dashed line, ξ = 10−4 and yf = 5).
As shown in FIG.4, by taking into account of the grav-
itational effects from DM production, we have realized a
suppression of linear matter perturbation at small scale
within the framework of cold DM and simple inflation.
In FIG.5, we re-plot FIG.4 with a higher resolution. This
hi-resolution plot illustrates a salient feature of the early-
time suppression, the smaller the scale is, the stronger
the suppression is. This feature is, quantitatively, differ-
ent from the existing proposals such as warm DM candi-
dates. It therefore can serve a smoking-gun signature for
testifying our mechanism with future astrophysical ob-
servations, and can be potentially used for extrapolating
a small portion of observational data to determine k−1?
and mχ as well.
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FIG. 5. High resolution plot for small scale region of FIG.4.
SUMMARY
In this work, by taking into account of the gravitational
effects from the non-equilibrium production of the non-
thermal DM, we proposed a new mechanism to alleviate
the small-scale crisis through realizing a suppression of
matter perturbation at small scales. The novelty of this
new mechanism is that the desired suppression can be
realized within the framework of simple inflation, cold
DM and General Relativity, which is alternative to ex-
isting suppression mechanisms that employed non-simple
inflation, warm or exotic DM, or modified gravity [40].
Moreover, by computing the location and shape of the
suppression in this early-time suppression mechanism, we
established a new relation between the particle mass of
DM, mχ, and the critical scale of the suppression, k
−1
? ,
i.e. Eq.(4). This relation implies that DM candidates
with different particle mass can result in a suppression
at different small scales. On the other side, as k−1? will be
further constrained in the development of the astrophys-
ical observations, this relation can be used to determine
mχ accordingly. It is worthy to emphasize that, as a
new method of determining mχ, this relation established
from the perturbative gravitational effects is complimen-
tary to other existing strategies [44], which primarily fo-
cus on DM abundance. And this method is also compli-
mentary to the proposal in Refs.[10] and [11]. In which,
they mainly focus on the tensor-to-scalar ratio of met-
ric perturbation at large scales, and explore a new way
to constrain mχ with the primordial gravitational wave
searches.
Furthermore, to illustrate our theoretical prediction,
we considered a suppression at k−1? = 1 kpc, which can
partially alleviate the small-scale crisis, and plotted its
power spectrum of primordial linear matter perturba-
tion. For this case, we obtain mχ = 2.2 MeV. And
our plot also illustrates a salient feature for the early-
time suppression, the smaller the scale is, the stronger
the suppression is (see FIG.5). As this feature is, quan-
titatively, different from the predictions of other existing
mechanisms, it can serve as a unique signature for testi-
fying the early-time suppression mechanism. Moreover,
if only a small portion of suppression is measured in the
near future, this feature can be also used to extrapolate
the observational data to determine k?, and then mχ.
At the end, we highlight an issue worthy of further
study. In FIG.2, we illustrated that the magnitude of
suppression is determined by the value of ξ. However,
in this work, ξ is simply considered as a constant free
parameter, and ξ = 10−4 is taken for illustration. We
should notice that, ξ has very profound physical implica-
tions as it characterizes how the Universe is reheated. In
further study, the value of ξ should be computed in detail
with a specific reheating process [41–43]. And then the
strength of suppression of matter perturbation predicted
by such reheating process can be obtained accordingly. In
turn, future astrophysical observations on the strength of
suppression can be also applied to constrain the cosmic
reheating process.
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